34 Grapevine (Vitis vinifera) is one of the most important perennial crop plants in worldwide. 35 Understanding of developmental processes like flowering, which impact quality and quantity of yield 36 in this species is therefore of high interest. This gets even more important when considering some of 37 the expected consequences of climate change. Earlier bud burst and flowering, for example, may 38 result in yield loss due to spring frost. Berry ripening under higher temperatures will impact wine 39 quality. Knowledge of interactions between a genotype or allele combination and the environment 40 can be used for the breeding of genotypes that are better adapted to new climatic conditions. To this 41 end, we have generated a list of more than 500 candidate genes that may play a role in the timing of 42 flowering. The grapevine genome was exploited for flowering time control gene homologs on the 43 basis of functional data from model organisms like A. thaliana. In a previous study, a mapping 44 population derived from early flowering GF.GA-47-42 and late flowering 'Villard Blanc' was 45 analyzed for flowering time QTLs. In a second step we have now established a workflow combining 46 amplicon sequencing and bioinformatics to follow alleles of selected candidate genes in the F 1 47 individuals and the parental genotypes. Allele combinations of these genes in individuals of the 48 mapping population were correlated with early or late flowering phenotypes. Specific allele 49 combinations of flowering time candidate genes within and outside of the QTL regions for flowering 50 time on chromosome 1, 4, 14, 17, and 18 were found to be associated with an early flowering 51 phenotype. In addition, expression of many of the flowering candidate genes was analyzed over 52 consecutive stages of bud and inflorescence development indicating functional roles of these genes in 53 the flowering control network. 54 Introduction 55 The reproductive developmental cycle of grapevine spans two years (S1 Figure) . Grapevine plants 56 need intense light and high temperatures to initiate inflorescences during spring, which develop and 57 flower during the subsequent summer [1]. The ongoing tendency to higher temperatures in spring 58 due to global warming causes earlier bud burst and flowering [2]. As a consequence, late spring 59 frost is an increasing risk to viticulture, which may cause significant crop loss [3]. Together with 60 flowering the onset of ripening is shifted towards earlier dates [4,5] and the ripening process occurs 61 under warmer conditions. This influences berry composition [6], affects wine quality and promotes 62 e.g. fungi infection. Grapevine breeding programs aim to keep the production of high quality grapes 63 in a changing environment consistent. Making use of late flowering genotypes may be one approach 64 to compensate for earlier ripening. Understanding the flowering process in grapevine and 65 determining factors that lead to early or late flowering may help to control variation in berry 66 production [7]. 67 Detailed knowledge of pathways controlling flowering is available in crop species and the woody 68 plant poplar, but especially the model species A. thaliana and rice [8,9]. With the availability of a 69 Vitis reference genome sequence [10][11][12][13][14], gene homologs to A. thaliana floral development pathway 70 genes or genes involved in photoperiod or vernalization responses could be identified in the 71 grapevine genome. Most of these are flowering signal integrators, floral meristem identity genes, 72 and flower organ identity genes, such as MADS box genes, like VvMADS8 that promotes early 73 flowering and the VvFT/TFL1 gene family [15][16][17]. The expression of VvFT -the ortholog of the A. 74 thaliana FLOWERING LOCUS T -is associated with seasonal flowering induction in latent buds 75 and the development of inflorescences, flowers, and fruits [18]. The expression of the LEAFY 76 ortholog VvFL is correlated with inflorescence and flower development [15]. VvFUL-L and VvAP1 -77 homologs of the A. thaliana genes FUL and AP1 -are suggested to act on the specification of 78 flower organ identity as their expression appears in early developmental stages of lateral meristems 79 and is maintained in both inflorescence and tendril primordia [16,19]. 80 Due to the high heterozygosity and severe inbreeding depression, the first filial generation (F 1 ) is 81 used for QTL (quantitative trait loci) mapping in V. vinifera. This is different to other crop or model 82 species (and is called a double pseudo test cross approach; [20,21]). Several QTL for the timing of 83 developmental stages such as flowering time have been identified [2,22,23]. One locus contributing 84 to flowering time control (FTC) was reported in 2006 [24]. Six QTL on different chromosomes 85 (chr) in the mapping population GF.GA-47-42 x 'Villard Blanc' were described in [23]. The 86 detected QTL are localized on chr 1, 4, 8, 14, 17, 18 and 19. Three of them (chr 1, 14 and 17) were 87 also found in another mapping population derived from the genotypes V3125 and 'Börner' [23]. 88 MADS-box genes with a proposed impact on flowering time such as VvFL, VvFUL-L and VvAP1 89 were annotated within FTC QTL regions in Vitis. Further, examples of flowering time gene 90 homologues in such QTL regions include CONSTANS-like genes on chr 1, 4 and 14 and the MADS-91 box genes, VvFLC1 und VvFLC2 (Vitis vinifera FLOWERING LOCUS C 1 & 2) , which are highly 92 expressed in buds [25]. 93 The observation that either very early or very late flowering seems to be inherited by specific 94 combinations of alleles at several loci, while all mixed combinations lead to an intermediate 95 flowering type indicates an additive effect. The data further suggest a dominant effect for early 96 flowering, with the responsible alleles being inherited from either 'Bacchus' or 'Seyval', the parents 97 of the breeding line GF. . In order to link certain alleles of the sequenced genes to the 98 flowering time phenotype, the two allele sequences of a given gene in a heterozygous diploid plant 99 have to be determined (allele phasing).
150 The development of the plants was described using BBCH codes [33] . Plant tissue from four 151 different GF.GA-47-42 plants was harvested into liquid nitrogen. We decided in favor of single 152 samples but many time points to detect trends in expression levels. Table 2 shows an overview of 153 the collected samples. 288 Primers had an optimum Tm of 58 -60 °C, with PCR products differing in size between 100 -400 289 bp for multiplexing purposes (S7 Table) . Forward primers were labeled at the 5'end with one of the 290 fluorescent dyes 6-FAM (blue), HEX (green), TAMRA (yellow) or ROX (red Table 4 gives 448 an overview of the segregation patterns as analyzed for all 151 F 1 individuals. From 15 markers 12 449 showed a segregation pattern matching the segregation pattern that was obtained through allele 450 phasing. The markers GAVBInd_019 and GAVBInd_020 were not designed using the obtained 451 allele sequences of GF.GA-47-42 and 'Villard Blanc', since suitable InDels were not available.
452 Therefore, these markers were designed based on InDels upstream of the phased regions. Observed 453 product sizes can deviate from the expected ones by 1 -2 bp due to the limited accuracy of the used 454 fragment analyzing method. Markers GAVBInd_004, GAVBInd_014, and GAVBInd_019 showed 455 two different segregation patterns since the measuring method cannot reliably resolve differences of 456 1 -2 bp. See S6 Table 2 ) differences in expression could be detected for the MADS transcription 482 factor VvTM8 as well as the protein kinase encoding gene VvWNK5. VvTM8 encodes a MIKC 483 transcription factor whose A. thaliana homologue AtTM8 has been shown to be involved in the 484 specification of flower organ identity [25] . 485 In a time course of dormant buds (BBCH 0) until after bud burst when leaf formation had already 486 begun (BBCH 11-13), 58 of the FTC candidate genes were found to show a BBCH or 487 developmental stage-dependent expression. Several of these genes are squamosa binding proteins,
